I. Introduction Recently, the musty odor of drinking water has been a serious problem at various places in Japan. It is reported that the musty odor is caused by metabolites produced by certain actinomycetes, such as Streptomyces, Micromonospora, Microbispora, Nocardia and Actinomadura (GERBER, 1967 (GERBER, , 1969 MCMILLAN et at. , 1972) and some blue-green algae , such as Anabaena circinatis, several Oscittatoria spp., several Lyngbya spp., Sym ptoca muscorum, and Schizothriv molteni (SAFFERMAN et at ., 1967; MEDSKER et at., 1968; Krxucxl et at., 1973; TABACHEK and YURKOWSKr, 1976) in the aquatic environment. One of the odorous compounds was identified as traps-1,10-dimethyltrans-9-decalol (geosmin) by GERBER (1968) . MEDSKER et at. (1969) showed that another odorous compound produced by several Streptomyces was 2-exohydroxy-2-methylbornane (2-methylisoborneol). Since the late 1960s , musty odors have often occurred in Lake Kasumigaura, which is used for water supply. Present authors (1983) reported that actinomycetes isolated from the water and mud in Lake Kasumigaura produced 2-methylisoborneol and geosmin. The purpose of the present study is to determine the chemical and biological environmental factors associated with the musty odor in Lake Kasumigaura.
Materials and Methods
Lake Kasumigaura (Nishiura) with an area of 172 km~' is very shallow ( mean depth: 3.7 m), and hypereutrophic due to the discharge of industrial, agricultural and municipal effluents . Three sampling sites were selected ( Fig. 1 ) Tsuchiurairi (S-l ), Kiharaoki (S-2) and Mitsumataoki (S-3) . Water and mud samples of the lake% ere collected monthly from each site during the period from November 1981 to October 1982.
Water samples were collected from the midlayer with a Van I)orn sampler . Mud samples were taken from the surface mud of 0 to 1.0 cm vti-ith a core-sampler.
The values of threshold odor number (TON.), ..phytoplankton, actinomycetes, pH and odorous compounds in the lake water were deter- mined. However, total nitrogen (T-N), total phosphorus (T-P), total organic carbon (TOG), pH and cell numbers of actinomycetes in the mud were also investigated. Analyses for T-N, T-P and TOG were performed by Standard Methods for Agricultural and Ghemical Experiments (1978) . The pH values in 2 cm depth of surface mud were measured by a pH meter. The values of TON. and pH in the water were determined by procedures described in Standard Methods for the Examination of Water (1977) . Actinomycetes for the enumeration were cultivated on ISP-M4 medium (SHIRLING and GoTTOLIEB, 1966) at 25°G for seven days, and counted by the typical figure grown on the agar plate. For the determination of the ratio of musty odorous actinomycetes to total actinomycetes in the mud, 50 colonies of actinomycetes grown on ISP-M4 medium were isolated at random, and musty odor production was measured by the sensory method. Isolation and identification procedures of odorous compounds are shown in Fig. 2 . Lake water was passed through a column packed with 800 g of granular activated carbon. The odorous compounds adsorbed to the carbon were extracted with 1000 mL of GH2G12. The extract was evaporated to concentrate under reduced pressure. The concentrate was filled to 5 ml with GH2Gl2, and analyzed by gas chromatograph (GG) and gas chromatographmass spectrometry (GG-MS). Conditions for GG were as follows. A glass column (2 m x 3 mm i.d.) packed with 15% DG-200 was used. The column and injection temperature were 180°G and 200°G, respectively. A carrier gas was N2 at 25 mL min-1. GG-MS analysis was carried out using LKB-9000G equipped with PAC-500 computer system. A glass column (2 m x 3 mm i.d.) packed with silicon OV-17 was used. The ionization voltage was 20 eV, the ion source temperature was 120°C. Helium was used as a carrier gas at a flow rate of 20 mL • min 1. Standard 2-methylisoborneol solution was also analyzed by the method shown in Fig. 2 . The recovery of standard 2-methylisoborneol was 40.6%.
3. Results and Discussion To confirm the musty odor occurrence in Lake Kasumigaura, the T.O.N. values of water samples at each site were measured by the sensory method. The results are shown in Fig. 3 . The musty odor of T.O.N. 40 were found to occur at S-1 site on 16 May 1982, but no musty odor was detected at the other two sites. Intense odors, values of over T.O.N. 60 occurred at all sites from August to September, were not a musty odor but a grassy-like odor. It seemed that the responsibility for the intense grassy-like odor might be associated with a great standing crop of Microcystis aeruginosa, the bloom of which was annually formed from summer to fall.
The odorous compound was isolated from the water at S-1 site on May 1982 as shown in Fig. 2 , and analyzed by GC. As shown in Fig. 4 , the retention time of peak A corresponded well to that of standard 2-methylisoborneol, while the peak corresponding to standard geosmin did not appear. The mass spectrum for peak A exhibited a molecular ion peak at m/z 168, and a base peak at m/z 95 (M~-CH3-H20) , 125 (M~-C,H,), 108 (M+-OH-C,H,), 107 (M+-H2O-C,H).
The mass spectrum of peak A was very similar to that of standard 2-methylisoborneol. Therefore, the peak A substance was identified as 2-methylisoborneol.
A concentration of 2-methylisoborneol in the lake water at S-1 site was determined using GC analysis. 2-Methylisoborneol concentration in the lake water was 0.09 ,ug • L-1. Standard 2-methylisoborneol recovery was 40.6%. It seemed that the 2-methylisoborneol concentration in the lake water of S-1 site on 16 May 1982 was about 0.20 ug • L-1. RoSEN et al. (1970) and KIKUCHI et al. (1972) detected geosmin or 2-methylisoborneol as musty odorous compounds in natural waters, though they had no reports for the concentration of the compound.
Some blue-green algae and several actinomycetes are known as musty odor producers. Therefore, the possible correlation between odor occurrence and microorganisms was investigated. Table 1 shows the composition of algal flora in the water of the three sites of 16 May 1982.
In each site, a remarkably high number of Synedra acus appeared, and the highest number of 36,600 mL1 was observed at S-i site. Axenic cultures of Synedra acus and Oscillatoria sp., which were isolated from S-1 site, had no musty odor. It was considered that the algae appearing at S-1 site on 16 May might not produce a musty odor. Therefore, it was considered that the musty odor occurrence might be associated with the growth of microorganisms other than algae. Some actinomycetes are known to produce the musty odor. Numbers of actinomycetes in the lake water and mud at three sites were determined. As shown in Fig. 5 , the numbers of actinomycetes in the water were usually less than 8 mL~l. Relatively high numbers of actinomycetes (13 mL-1) were observed The average population of actinomycetes in the mud at S-1 site was 45,000 g i dry mud and higher than the other two sites. Relatively large numbers were observed from spring to fall, and the maximum number was 120,000 gl dry mud on May at S-1 site. It is very important to know the proportion of musty odor-producing actinomycetes to the total number of actinomyctes isolated. As shown in Fig. 7 , more than 50 percent of actinomycetes collected from mud samples produced the musty odor at all sites except S-3 site in January. The S-1 site had a significantly higher proportion than any other sites, and approximately 80 percent of actinomycetes from the mud in May at S-1 site produced the musty odor. From these results, it was considered that the cause of musty odor occurrence at S-1 site might be correlated with the presence of a large number of actinomycetes in the mud. It is considered that various nutrients, such as nitrogen, phosphorus, iron, magnesium and organics as a carbon source are necessary for on July. T-P contents in the mud were mostly in the range of 1.0 to 1.5 mg T-P g-' dry mud. Figure 10 shows seasonal variations of TOG content in the mud at three sites. The S-1 site showed higher contents than the other sites, and relatively high contents were observed at S-1 site in January and May. There was no apparent correlation between the musty odor occurrence and nutrient contents for T-N, T-P and TOG in the mud.
Temperature is a very important factor to produce the musty odor. Water temperature was 22.3°C in the mid-layer and 22.0°C in the bottom-layer at S-1 site where the musty odor occurred in May. SILVEY (19 75) reported that optimum temperature for the growth of actinomycetes was 17-25°C in situ. Present authors (1981, 1983) reported that optimum temperature for the musty odor production by Streptomyces spp. was 25°C in the experiments dealing with the effects of various environmental factors on the musty odor production. Therefore, a temperature of 20-25°C may be a favorable condition for the growth and the musty odor production by actinomycetes in the aquatic environment. Hydrogen ion concentrations of the water were investigated at three sites. As shown in Fig. 11 , high pH values were measured during spring to fall. Significantly high values ranging from 9.6 to 9.8 were observed with the appearance of Synedra acus bloom at three sites on May. Figure 12 shows pH values in the mud at three sites. The values of pH fluctuated in the range of 6.5 to 7.5. The significantly high pH value of 7.8 was observed at S-1 site where the musty odor occurred. SILVEY (1975) showed that the growth of actinomycetes was favorable in 
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Chemical and Biological Factors on the Musty Odor Occurrence in Lake Kasumigaura alkaline conditions between 7.0 and 8.0. Moreover, WEETE et al. (1977) reported that actinomycetes produced abundant geosmin at a high pH value ranging from 9.0 to 10.0. The present authors (1983) found that alkaline pH values ranging from 8.0 to 9.0 were favorable for the musty odor production by Streptomyces sp., so the pH 7.8 in the mud at S-1 site on May might be a good condition for the growth and the odor production by actinomycetes. MORRIS et al. (1962) reported large numbers of actinomycetes during the musty odor periods in the Cedar River of Iowa. RASCHKE et al. (1975) showed that high counts of actinomycetes (2,612 to 11,385 mL-') were correlated with a musty odor episode in South Carolina. LEwzs et al. (1966) reported that the increase of algal growth raised the pH value in the River Severn water to the alkaline side which was favorable for the growth of actinomycetes. In the present experiments, the musty odor was considered to be caused by the good growth of actinomycetes in the mud due to the high pH value from a great standing crop of algae in the lake water.
Conclusion
1) A musty odor substance in Lake Kasumigaura ti~ ater uas isolated and identified as 2-methylisoborneol by GC-MS analysis. 2-Methylisoborneol concentration in the lake water was 0.20 sg L ~. 2) Chemical and biological factors corresponding to the musty odor occurrence were investigated. A significantly large number of actinomycetes and a high pH value were determined in the surface mud when the musty odor occurred in May. Approximately 80 percent of actinomycetes collected from the mud at S-1 site in May produced the musty odor.
3) The good growth of actinomycetes in the mud due to the relatively high value was suggested to be responsible for the musty odor occurrence.
